
CIRCULATIONCOPY
SUBJECT TO RECALL

IN TWO WEEKS

{JCRL- 83045
PREPRIN1’

FLUID STRUCTURE COUPLING ALGORITHM

William H. McMaster

This
The

paper was prepared for submittal to

1980 PVP Technology Conference in
San Francis~o

August 13-15, 1980



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government.  Neither the United States Government nor the
University of California nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or the University of California.  The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for advertising
or product endorsement purposes.



FLUID STRUCTURECOUPLINGALGORITNN

W. H. MoMaster
E. Y. Gong

C. S. Lendrem
D. F. Quinones

University of California,Lawrenoe Livermore Laboratory
P.O. Box 808, Livermore, California,94550

ABSTRACT

Afhdd-structure-interacttmalgartthm has been developed and incorpacrated
into the two dimensbal code PELE-IC. This code comb[nes an Eulerion
tncompressib!e fluid algc?ithm with a Lagrangian fhdte element shell algorithm and
incorporates the treatment of complex free surfaces. The fluid structure, and
coupling aigwithms have been vertfted by the calcuiatim of sobed probZems from
the literature md from air and steam blowdown experiments.The code has been
used to calculate loads and structural response from air blowdown and the
oscillatory condensatim of steam bubbles in water wppressim pools typical of
boiling water reactors. The techniques developed here have been extended to three
dfmensfma and implemented [n the com~ter” code PELE-3D.
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NOMENCLATURE

Speed of sound in the fluid
Divergence
structure iterative constants
Gravitationalconstant
Stiffness matrix
Mass flow rate
Mass matrix
Pre9sure
P/P, ratio of pressure to density
Generalizeddisplacementveotor
Time
Velocity
Volume
Distance
Convergenceconstant
Ratio of specific heata
Over-relaxationconstant
Mess density
Dummy variable
Kinematic viscosity

SUBSCRIPTS

Iterationnumber
Refers to original volume
Refers to ullage volume

SUPERSCRIPTS

Time level

INTRODUCTION

Ve have developed a fluid-structure-interaction
algorithm for the analysis of the dynamic response
of coupled fluid structure systems. The method is
incorporatedinto a two-dimensionalsemi-implicit
EulerIan hydrodynamicscode, PELE-IC. The code is
quasi-two phase since we can couple to either a
one-dimensionalor a lumped parameter description of
compressiblegasea. The code is written in both
plane and cylindricalcoordinates In order to handle
a variety of geometricalconfigurations. The
coupling algorithm 1S general in nature and can
accommodatea wide variety of structuralshapes. It
is capable of following large interfacemotions
through the calculatlonalgrid. By the uae of a
variable time step we are able to accommodate
varying flow conditionsand maintain computational
stability. The fluid, structure,and coupling
algorithms have been verified by calculationsof
solved problems from the literatureand by
comparisonwith air and steam blowdown experiments
(l), (2).

The basic semi-implicitsolution algorithm contained
in the SOLA code (3) was used as a foundation for
the developmentof the PELE-IC code. Ue track the
movement of free surfaces using a donor cell
treatmentbaaed on a combimtion of void fractions
and interface orientation. This gives us great
versatility in following fluid-gas interfacesfor
bubble definition and water surface motion without
the use of marker particles.

The structuralmotion is computed by a finite
element code (4) from the applled fluld pressure at
the fluid structure interface. The finite element
shell structure algorithm uses conventional
thin-shell theory with transverseshear. The
spatial discretizationemploys piecewlse-llnear
interpolationfunctions and one-pointquadrature
applied to conical frustra. We use the Newmerk
implicit time integrationmethod implementedas a
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one step module. The fluid code then uses the
structure’s resultant position and velocity as
boundary conditions. The fluid preaeure f’leldand
the structure’sresponse are corrected iteratively
until the normal velocities of the fluid and
structure are equal. This results in a strong
coupling between the two algorithms.

GENERAL DESCRIPTIONOF THE SOLUTION ALGORITHMS

The underlyingapproach used by PELE-IC for the
solution of general flow fields is the use of the
semi-implioitSOLA algorithm. The basic assumption
of this approaoh is that all flow variables within
the computationalgrid satiafy the continuity
equation for each cell, regardless of whather or not
the computationalcell contains a free siurfaceor a
❑oving structure. For incompressiblefluids this
means that all cells are divergence free. This
assumption permits freedom of motion for all
surfaces throughoutthe grid. Superimposedon this
basic algorithm we have applied the boundary
conditions for free surfaces, compressiblegases,
and moving structures.

In this section we will give a brief
description of the solution algorithms.

SOLA Solution Algorithm

The SOLA algorithm uses a Newton-Raphson
Iteration on the pressure field to solve the mass
conservationequation. At each iterative step the
pressure in each fluid cell is adjusted to satisfy
the divergence criteria. In this algorithm the
pressure is a cell centered variable and tha
velocity componentsare specified on cell sides.

The algorithm is aolvad by first writting the
Navier-Stokesequation for the fluid velocity, u, in
terms of the time level:

adat = (-V.UU + g + Vv%)n-vpn+l (1)

where the superscriptn indicates the time level and

P = P/o is the ratio of the pressure to the
density of the fluid. The body accelerationis
given by g and the kinematic viscosity is specified
by the constantV. Setting pn+l . pn + 6p
gives

Un+l s [U+dt (-V.uu= Vp+g+Vv%)]n+ hsvp (2)

Defining the term inside the brackets as ii,then the
equation to be solved Is

Un+l = ii+ hsvp (3)

where G is found using a slightly modified form cf
the finite difference formulationof Hirt, et al. (3).
This equation is solved iterativelywhere we define
the divergence error, D, for each cell at the lth
iteration as

—

W+ = Di (u)

and G is used as the first trial velocity to start
the iterationprocess. The pressure increment in
each cell necessary to update the velocity field is
given by

-(1 +O)Di-l
&pi =

aD/ap
(5)

whera ~ ia a correction term (O < $ < 1)
dependent upon adjacent cells in the direction of
the sweep through the grid, and ~D18p is a
constant dependent only upon the cell size, the time
step, and the prasenoe of a structural boundary. We
update the velocity field in each call with the
pressure increment,using

where 6Z is the cell side in tha direction of u,
and tha sign is chosen depandent upon which side
centered velocity component is being ad.justad.
Satisfaction of tha continuity equation in any
particular cell perturbs the velocity field of Its
neighbors.Hence, the method is applied in sweeps
throughout the grid until the divergence error
everywhere aztisfiea

V*Ui = Di~E (7)

where e is a preset convergence tolerancewhich
should be set according to the minimum flow Tield of
interest in the solution. The final velocity and
pressure fields are then

(8)

Since the solution procedure is a
Newton-Raphsoniteration, the rate of convergence is
dependent upon the magnitude of W3p which has
the form

(9)

where Fx and Fy are dependent upon structural
interfacescoupled to the fluid cell. If there is
no structure, then Fx = F = 1. From the
formula for Wlap we see !hat convergence is
accelerated by the use of large time steps and small
cell sizes. However, the user is limited in his
choice by the physics of the problem. In general,
we require that

where &z is the component 6X or 6y in the
direction of the maximum velocity u.

Thin Shall Al&orithm

(lo)

The finite element.module uses simpla shell
theory with transverseshear (see Kraus (5)). The
element formulationwas desoribed by Hughes and
Taylor (6) for beams and platas, and was extended to
axisymnatricand plane shells by Ooudreau (7).
(Similar results were obtained by Zienkiewiczet
al. (8) at about the same time.) The element is a
two-node,conical frustrum with three degrees of
freedom per node, Shape functions are plecewise-
linear for displacement and rotations. The shear
‘lockingnassociated uith low-order interpolationis
removed by one-point quadrature. Large deformation
(here two to three shell thicknesses)is accounted
for in an approximateway by reformulatingthe
stiffness matrix at every time step.
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The Newmark implicit tine integrationscheme
(see Goudreau and Taylor (7)) is used at each tima
step to move the shell. The algorithm has the form

(K+bM/(6t)2)Qn+1 =@+l - 4MAn/(6t)2 (11)
where

An = Qn + ~n~t + &(&)2/b (12)

Goudreau (2) gives the derivationof K and a FORTRAN
listing of the one-etep nodule.

The thin shell algorithm has been made more
general by the addition of the following four
features:

(1)

(2)

(3)

(4)

Each element may have its own thickness.

Each node can be specified to have its own
separate reatrsintsand prescribed initial
displacement.

The code computes the static deflection of
the structureas a result of the initial
loading before beginning the dynamic
solution.

The gas pressure in the ullage region is
applled to the shell as well-as fzuid
pressures.

Fluid Structure Interface Al&orl.thm

This algorithm couples the fluid motion to the
structure’smotion within the SOLA iteration loop.
Normal velocity compatibilitybetween the structure
and fluid is requiredwhere the Lagrangian shell
crosses either the I-line or J-line interceptwhich
defines the centroid of the Eulerian cell. The
choice depends on the angular orientationof the
structure,e.g., for angles equal or less than 4so
we use the I-line coupling. The cell side coupled
velocity is the one closest to the structure along
the intercept line. In this manner, we maintain a
smooth coupling whenever the strueture crosses an
Eulerian grid line. The finita element module uses
the pressure field supplied by the fluid and
provides the fluid code with the resultant position
and velocity of the interface. Each change in the
pressure field causes a different structural
reponse, and each different response changes the
flow field of the fluid. Therefore, the iteration
proceeds until both conditionsare satisfied.
Within a single iteration,all Eulerian fluid zones
are adjusted one by one, using the latest values
available, and then all the Lagrangian shell nodes
are simultaneouslyadjusted by the implicit time
step solution.

The pressure applied to an element is
determinedby an interpolationalong each
intersectingI or J line to the neighboringfull
fluid cell. These interpolatedvalues are weighted
by the liquid content of the cell so that the proper
pressure is applied when a free surface is in the
same cell. The interpolationprocedure provides a
Smooth pressure history whenever the structure
crosses a grid line.

The solution strategy is to first set the
normal fluid velocity equal to the normal structure
velocityat the coupling point. The structure’s

normal velocity is found by an interpolationbetween
nodal values end the intercept angle. The normal
fluid velocity is found by an interpolationbetween
all four of the cell side velocities. This
determines the cell side velocity which is ooupled
to the structure. This first step of setting the
coupled Eulerian cell velooity to satisfy the
boundary oondltions imposed by the structure causes
the cell not to satisfy the divergence criteria;
therefore,the second step is to adjust the cell
pressure using the SOLA algorithm so that the cell
is divergence free. This tuo step process is
repeated each iteration until both conditions are
satisfied.

The Free Surface Algorithm

Accurate free surface tracking is necessary to
allow the applicationof velocity end pressure
boundary conditionsat fluid-gas interfaces. We
track the free surface by a combination of void
fraction and surface orientation in each cell. The
void fraction provides for the conservationof mass
and the surface orientationallows us to apply the
proper boundary conditionsand follow the flow from
cell to cell.

The free surface algorithm performs four
functions:

(1)

(2)

(3)

(4)

Determines the surface orientationwithin the
calculationalcell based upon its fluid content
and that of neighboringcells. This
orientation is specified by its interceptson
two sides of the cell. Within the cell, the
interface is considered to be a straight line
segment. Thus, the surface is tracked by its
intersectionof grid linas.

Applies the prescribed boundary pressure to the
fluid surface. This is done by finding the
appropriate cell centered pressure by an
interpolationfrom the nearest full fluid cell
to the boundary. Recent additions to the code
also allow the applicationof a prescribed
boundary velocity to the fluid surface. This
option allows one to drive the surface with a
moving piston. Both these options allow the
boundary conditions to be a function of time.

Calculates the fluid advection based on surface
orientationusing the donor cell method where
the amount of liquid advected is determined
from the contents of the upstream cell, the
orientationof the surface, end the velocity of
the common liquid side. ‘fhismethod guarantees
the conservationof mass during advection.

Uses velocity boundary conditionsfor the votd
sides of the cell to maintain continuity of the
flow field. This assures a smooth flow when a
surface crosses grid lines.

Special Features

The main applicationof the code to data has
been tQ studies of the pressure suppressionsystems
of boiling-waterreactors during postulated
loss-of-coolantaccidents. Consequently,various
special features have been added directed toward the
solution of these problems. Some of these special
features are described in this section.
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Downcomer Pipes

Downcomerpipes are modeled by specifying the
bounding grid lines as rigid. A special algorithm
has been added to the code to allow this option. In
this manner, pipe wall thicknemes small in
comparisonwith a calculationalcell can be
correctlymodeled. For vent clearing problems, the
specified driving pressure is applied as a boundary
conditionbetween the grid lines defining the pipe.
The code has the capability of handling up to two
rigid downcomerpipes with driving pressures in this
manner.

Obstacles and Saffles

Obstacles and baffles which restrict the flow
can be modeled by specifying portions of grid lines
as rigid boundaries. The code will then apply the
boundary condition of zero normal velocity at this
boundary. There is no restrictionon the number of
such obstacles that oan be specified.

Coupling to CompressibleGas Flow

In many applicationsthe downcomer is driven
from a drywell with either variable or constant
pressure. Sometimes this flow is further controlled
by the use of an orifice. To provide for these
situations,a flow ❑odel coupled to the fluid
dynamics was developed. This model couples the
bubble pressure to the drywell and current bubble
volume by the equation

,(t)=,.(;)y~+&f~vy-ld.](13)

where

h=

‘iO=

v=

Pu =

mass flow rate through the orifice as
specified in Vennard (9). The formula
used depends upon whether the flow is
choked or unchoked.

original downcomer volume from the
orifice to the water level

current steam volume including the
bubble.

initial ullage pressure.

The time of Integration,t, covers vent clearing and
subsequentbubble formulationand growth.

In applicationwe find that the mase flow is
initially choked and dependent only upon the drywell
pressure and density. Subsequently,during vent
clearing, the flow becomes unchoked and is dependent
upon both the drywall pressure and the bubble
pressure. Since the bubble pressure is dependent
upon the bubble growth in the pool, there is a
coupling between the suppressionpool and the
drywell.

Variable Ullage Pressure

During a vent clearing event, the bubble growth
causes a pool swelling in the confined ullage
region. This compressedair region then provides an
upload on the confining structure. We derive this

pressure pulse from the perfect gas law using the
ullage volume change as calculated from the rise of
the water surface. In experimentsperformed at the
MassachusettsInstitute of Technology (10), the test
configurationapplied this ullage pressure to the
bottom flexible plate, The code has been modified
to simulate these experiments.

CollapsingBubbles

In chugging studies of collapsing bubbles, we
have applied a condensationmodel to provide the
applied bubble pressure. This pressure is dependent
upon the inflow rate of steam and the condensation
rate; both of which are dependent upon the bubble
volume time history. The use of the void fraction
and surface orientationalgorithms allow us to
monitor the bubble volume accurately.

CompressibilityEffecte

In the mass continuity equation, the
incompressibleassumption sets apl~t = O. We
may take into account smell changes in
compressibilityby substitutingthe wave equation

g=$ag (14)

Into the mess equation, where c is the speed of
sound in the fluid. This, then, changes the
specificationof the divergence leading to

and

(15)

(16)

which are used in the iteration and for setting the
velocity boundary conditions.

SUMMARY

Ue have developed three new algorithms to treat
free surfaces, fluid-structureboundaries,and steam
condensation. The first is an air-water surface
algorithm that has been used to model bubble growth
and pool swell in reactor pressure suppressure
systems. The second is a fluid-structurecoupling
algorithm that correctly couples the Lsgrangian
structure overlaying the Eulerian grid. The third
provides the driving pres9ure for bubble growth and
collapse dominated by steam condensation.

These algorithms have been incorporatedinto a
three-dimensionalversion of the code, called
PELE-3D. With this version, we are able to study
nonsyametriceffects.
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